Alloying induced degradation of the absorption edge of lnAS;2;Sb 
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InAsi:Sbi_a: alloys show a strong bowing in the energy gap, the energy gap of the alloy can be less 
than the gap of the two parent compounds. We demonstrate that a consequence of this alloying 
is a systematic degradation in the sharpness of the absorption edge. The alloy disorder induced 
band-tail (Urbach tail) characteristics are quantitatively studied for InAso.05Sbo.95 . 



It has long been noticed that the low energy tail re- 
gion of the density of states of most, possibly all solids 
has an exponential character [H [§]■ Thus while one al- 
ways observes an Urbach tail region in the optical spectra 
of even the high purity single crystals of III-V semicon- 
ducting compounds a significant band tailing has 
traditionally been associated only with amorphous 'G"! or 
heavily doped semiconductors 0; In particular, the 
effects of alloying induced compositional disorder on the 
electronic states of the III-V semiconductors were gen- 
erally considered benign. This long held view has un- 
dergone a major revision with the discovery of the ni- 
tride based semiconductor alloys, Gai_j^Inj,Asi_a;N3, and 
Gai-yluyN. It has become evident that the process of 
alloying such "mismatched semiconductors" ■!! can lead 
to significant deviations from the virtual crystal picture, 
strongly changing the electronic and optical character- 
istics of the material. Mismatched alloys can typically 
be prepared only in dilute concentration due to the large 
size and electronegativity difference between the host and 
substituent atom. From the perspective of optical mea- 
surements, the compositional disorder leads to photolu- 
minescence linewidths of many tens of meV, large Stokes' 
shifts [13; [m between the absorption and emission 
spectra and an absence of a sharp cut-off in the energy 
dependent transmission . 

In this paper we shall discuss the effect of alloy- 
ing disorder on the absorption edge on InAsa;Sbi_2, . 
These alloys have disorder effects intermediate between 
the extremely incompatible GaAsi-ajN^, and the com- 
pletely miscible Gai_j^Alj^As. A study of alloy disorder 
in these systems is particularly interesting because they 
allow for a close to equilibrium growth[13] for a small 
value of X. GaAsi_2:Na; alloys, on the other hand, are 
metastable configurations whose physical properties show 
a very strong dependence on sample history [1^]. From 
the technological point of view [H m 113, a few per- 
cent of InAs incorporation in InSb leads to a substantial 
lowering of the room temperature (RT) energy gap, to 
within the mid-infrared 8-12 fim transparent atmospheric 
window. This is significant because the energy gap of 
pure InSb — the III-V semiconductor with the smallest 



energy gap — is just outside this region. While previous 
studiesO [1^ [20j have focused only on the energy gap 
of the system, alloying also leads to a broadened den- 
sity of states and hence a smeared electronic distribution 
function. This may offset the advantage of the lowered 
energy gap. 

Experimental. — Bulk InAsa;Sbi_j: samples were grown 
by Rotatory Bridgmann method ^13| and the ^ 5 
fim thick heteroepitaxial films on GaAs substrates 
were grown by liquid phase epitaxv[2lj|. Since both 
these crystal growth methods operate close to equi- 
librium, the maximum arsenic incorporation was lim- 
ited to around 5-6% if one chose to work with single- 
phase single-crystalline samples [l^. The samples were 
comprehensively characterized for their structural 13t 
|2lj, optical [1^, transport [13], and magnetotransport 2M 
properties and the results indicated that these were 
among the best reported so far, with doping density 
less than 5 x lO^^cm"'^. Therefore, there is reason to 
believe that the absorption edge properties discussed 
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FIG. 1 RT transmission spectra for various 
InAsa;Sbi_2, samples. Note that the desirable red shift 
in the transmission with increasing fraction of InAs is also 
systematically accompanied by broadening of the absorption 
edge. 
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here result from a fundamental limitation of alloying. 
The optical transmission spectra were measured using 
a Fourier transform infrared spectrometer. The ab- 
sorption coefficient k was calculated from the trans- 
mission T, using the well-known expression that ac- 
counts for multiple reflections within the sample, T = 
(1 - RYe-'^'^/[l - i?2e-2«'']. Here d is the thickness of 
the sample and R = 0.4 is the reflection coefficient, as- 
sumed to be constant in the spectral range of measure- 
ment. This equation is easily inverted by substituting 
z — e^'^'^ and then solving the quadratic equation in z. 

The RT transmission from five InAsj;Sbi_2; samples 
with progressively increasing value of x is shown in Fig.l. 
We observe that the arsenide alloying induces the ex- 
pected red-shift in the gap^l3';'2l'|. It is also evident from 
Fig.l that a larger arsenic alloying implies a progressive 
softening of the absorption edge, as the energy spread of 
the band-tail states grows with growing disorder. 

To further investigate this band tailing, we shall fo- 
cus on InAso.05Sbo.95 sample which has the highest al- 
loy composition among the bulk samples. Fig. 2 shows 
the different parts of the absorption curve measured on 
InAso.05Sbo.95 . We can clearly distinguish three sep- 
arate regions corresponding to (a) the band to band 
absorption [19II where the absorption coefficient n oc [hv — 
i?g(T)]^/^. Here Eg{T) is the value of the energy gap at 
the given temperature T and hv is the incident photon 
energy, (b) the Urbach edge absorption region where the 
absorption coefficient has an exponential dependence on 
energy (note the semilog scale in Fig. 2), and (c) the free 
carrier absorption region [l^ where the magnitude of the 
absorption curve increases with wavelength with a func- 
tional form that is dependent on the nature of scattering 
potentials .23]. 

Fig. 3(a) highlights the behavior of the exponential Ur- 
bach edge portion of the absorption coefficient for bulk 
InAso.05Sbo.95 at different temperatures between 300K 
and 433K. Different exponential curves when extrapo- 
lated to higher energies converge to a single point, the 
Urbach focus [b*]. Hence we observe that the well-known 
description of the Urbach edge developed for amorphous 
semiconductors seems to also describe the compositional 
disorder of mismatched III-V alloys. The exponential ab- 
sorption coefficients measured at different temperatures 
can be phenomenologically described by the following sin- 
gle equation [i]: 

n{hu, T) = Ko eMihy - Ef)IEu{T)], (1) 

with a temperature independent ko f^nd Ep. Eu(T) in 
the above equation is the temperature dependent (in- 
verse) slope of the exponential absorption coefficient and 
is a measure of the width of the Urbach tail. Henceforth, 
Eij{T) will be referred to as the Urbach parameter. 

Optical absorption occurs on a timescale much smaller 
than the typical phonon frequencies. One may therefore, 
in the Born-Oppenheimer spirit, argue that during a di- 
rect interband transition, an electron gets only a snap- 
shot view of its surroundings and on this short time scale. 
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FIG. 2 RT absorption spectrum for InAso.05Sbo.95 . The 
spectrum can be separated into three distinct regions corre- 
sponding the to free carrier absorption at smaller energies, 
the Urbach edge absorption due to the band-tail states and 
finally the direct interband absorption across the energy gap. 



the dynamically vibrating crystal is just a distorted ar- 
rangement of static ions[l|. Thus in the context of op- 
tical absorption processes, thermal and structural disor- 
ders can be considered equivalent if the polaronic effects 
are small. The Urbach parameter is then expressed^ 
as Eij ^ X + Y{T), a simple addition of the thermal 
[1"(T)] and temperature independent structural disorder 
[X] components. 

Fig. 3(b) shows that the Urbach parameter is a mono- 
tonically increasing function of temperature. Further- 
more, Fig. 3(c), where we have plotted the relationship 
between the energy gap and the Urbach parameter, sug- 
gests a strong correlation between the temperature de- 
pendent changes in the two seemingly unrelated quan- 
tities. Therefore, the temperature dependent contribu- 
tion is approximately estimated by assuming the same 
functional form for Y{T) as that used to parameterize 
the change in the energy gap with temperature. One 
may[6|, for example assume Y{T) = Yo/[exp{9/T) — 1] 
or even, in our opinion, the Varshni type relationship, 
Y{T) = YoT'^/[9 + T]. Using the Bose-Einstein type re- 
lationship, we get [Fig. 3(b)] the value of 9 ^ 1850K and 
the disorder parameter X « 35meV. Note that the value 
of 9 is not in agreement with what was earlier inferred 
for a much larger temperature range p^. This is because 
the linear relationship between the energy gap and the 
temperature dependence of the Urbach parameter is only 
approximate. In particular, the temperature dependent 
renormalization of the energy gap has a significant ther- 
mal expansion contribution that would not play any ob- 
vious role in changing the width of the Urbach tail. Thus 
although it is difhcult to make physical sense of the quan- 
tity 9, the fit does give an estimate of the disorder pa- 



3 




100 150 200 

Energy (meV) 



250 



^80 

> 

a 

UJ 

„-60 

Q. 

_o 

CO 50 
o 

S 40 

I— 

30 
200 



(b) 



5- 150 
a 

140 

"!"l30 
a. 

ns 

120 

1 110 



UJ 



100 




300 400 500 
Temperature (K) 



40 50 60 70 80 
Urbach Slope, E (meV) 



FIG. 3 (a) Urbach edge contribution to the absorption coeffi- 
cient K at diff'erent temperatures for bulk InAso.05Sbo.95 . All 
the curves extrapolate to meet at a single point, denoted by 
the Urbach focus, Ef at (225 meV, 250 cm~^). (b)(squares) 
Temperature dependence of the slope of the Urbach edge mea- 
sured between 303K and 433K. (solid line) Fit to the relation- 
ship described in the text, 6 = 1850isr and X = 35 meV (c) 
(circles) Relationship between the energy gap. Eg (T) and the 
Urbach parameter, E(7(T). The best straight line fit has a 
slope, G = AEg/AEu = -1.55 



rameter X. The limitations a single temperature 9 to 
describe the in terms of say a Debye or Einstein temper- 
ature) is has been extensively discussed in the papers by 
Passlerji^ in context of the temperature dependence of 
the energy gap. 

The universaUty of the Urbach tail phenomenon across 
material systems makes the study of the disorder parame- 
ter X particularly interesting, providing an absolute scale 
for quantifying the disorder in a particular sample. It can 
play the same role for highly mismatched semiconductor 
alloys as the scattering time (mobility) does in less dis- 
ordered materials. 

The inferred values of X ^ 30 meV and the RT Ur- 
bach parameter Eij{30QK) — 42 meV are intermedi- 
ate between that observed in high purity crystalline [3| 
solids {X < lOmeV) and that it amorphous materi- 
als {X > 50meV). Among the few other similar stud- 
ies which exist for III-V semiconductor alloys, Reihlen, 
et al.fl^l had measured the RT Urbach parameter of 
InPi_a;Sba; to be between lOmeV at small and 50meV 
at larger alloy compositions. These results highlight the 



expected similarity of the two alloy systems. Studies 
on luyGai-yN alloys, on the other hand, have shown 
a much larger role of compositional disorder. Bayliss, 
ct al.flO^ found the RT Urbach parameter Eu{300K) in 
luj^Gai-yN to be between 50 and 200 meV and Han, et 
al.[25| measured the same to be as large as 850 meV in 
I1io.13Gao.87N. Such large values may be attributed to the 
immiscibility of the two parent compounds [25]. Interest- 
ingly, the studies in Refs. [13 and [H also correlate the 
Urbach parameter with the Stokes' shift. For compari- 
son, very heavily (lO^^cm^"^) doped GaAs has an Urbach 
parameter of about 20meV at RTiS*]. A value of about 90 
meV was obtained for the structural disorder parameter 
in polycrystalline InN(26|. 

Finally, we shall discuss the physical interpretation 
of the Urbach focus. Following the theoretical analy- 
sis of Abe and Toyozawa, CodyQ has suggested that 
the Urbach parameter, the Urbach focus and the energy 
gap, may be related by Eg{T) = Ep + GEu{T). Here 
G = AEg/AEu. A least squares fit to our data [Fig. 3(c)] 
yields a slope G — —1.55, although the quality of fit is not 
very good. The value of the Urbach focus inferred from 
the above relation is found to be between 0.22 and 0.21 
eV for measurements at different temperatures and is in 
reasonably good agreement with the convergence of the 
extrapolated exponential absorption spectra at 0.225 eV. 
The Urbach focus in amorphous semiconductors is iden- 
tified as the effective direct energy gap of the (disorder- 
free hypothetical) virtual crystal[6]. This is both difficult 
to physically visualize, because of the topological disor- 
der in real amorphous materials, and its value of 2.2 eV 
in amorphous silicon is not readily related to any other 
physically measured quantity in the system. The virtual 
crystal of a compositionally disordered solid, on the other 
hand, is much easier to visualize. Based on the above 
equation, one would expect the difference of the Urbach 
focus energy and the zero temperature gap of the real 
crystal to be equal to the disorder parameter responsible 
for the energy gap bowing [27j. But our inferred value of 
the Urbach focus, at about 0.22 eV, is closer to the zero 
temperature gap in this sample (l9j itself, indicating that 
the above argument is at best qualitative. 

Conclusions. — We have studied the optical absorption 
edge in crystalline InAs^jShi-a; alloys grown by equilib- 
rium technique. The absorption edge was found to be 
sensitive to the alloy composition, alloying led to a sys- 
tematic broadening of the absorption edge. We further 
studied the Urbach edge's contribution to the absorption 
coefficient in bulk InAso.05Sbo.95 and found that the tem- 
perature dependent absorption coefficient curves could be 
extrapolated to a single point, the Urbach focus occurring 
at about 225 meV. The temperature dependence of the 
Urbach slope was modelled to infer a structural disorder 
energy of about 30meV for InAso.05Sbo.95 . As expected, 
this value is intermediate between what is observed in 
high quality compound semiconductors and heavily dis- 
ordered amorphous solids. The universal nature of the 
Urbach edge suggests that the band tail disorder param- 
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eter can be used as a useful measure of sample quality, 
not just in amorphous solids but also in disordered III-V 
semiconductor alloys. 

One of the authors (VKD) is presently at the Semi- 
conductor Laser Section, Solid State Laser Division, 
Raja Ramanna Centre for Advanced Technology, Indore 
452013, M. P., India. 
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